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Abstract 
 
This paper focuses on the performance of the 56kWp PV installation of the north facing elevation of 
the library at the South Street campus of Murdoch University. This installation was the first step in 
Murdoch University’s goal to becoming the first privately owned solar power station and the largest 
PV installation in Perth, Western Australia [1]. In order to perform this analysis, it has been essential 
to gather output data for the installation from the data acquisition program, which operates around 
the clock recording this data from the array inverters. A crucial step was to collect weather and 
meteorological data from sources on the Murdoch campus, this data was used in the performance 
analysis in order to calculate system loss, efficiency and overall system performance. 
This analysis was performed in order to gain a better understanding of the subject matter of solar 
generation. There are still aspects of large scale solar power generation which are yet to be studied 
more extensively. This report is centred around the 56kWp solar generator located at Murdoch 
University’s South Street campus, to enable to University to gain a better understanding of the total 
power being produced from the system. It is also important to recognise where there is room for 
improvement in design and application through the study into areas such as soiling, shading and 
general performance characteristics. This report will allow the University to make an educated and 
informed decision on any future upgrades or extensions onto the existing system. 
Data acquired from the array was used to show how it performs in many different environmental 
conditions, through the use of modelling programs such as PVSyst and data graphing programs such 
as Microsoft Excel. By plotting output power data against temperature, rainfall, time of day and 
output voltage comparison graphs can be produced that allow readers to visualize and understand 
exactly how each characteristic affects the performance of PV systems in the Perth metropolitan 
region. 
Through this project the array performance characteristics were evaluated. It was found that the 
array has an average performance ratio of 0.85 for 2014, and that the array does indeed perform 
well in the Perth region. It was also found that shading impacts the array in a very noticeable way, 
this shows up as a noticeable depression on the affected inverters. Following through on a soiling 
study it was found that the array does indeed suffer from the soiling effect, most notably during long 
periods of dry weather. Degradation effects were also studied during the project but no evidence of 
these effects were found, these effects will be more prevalent in a longer period of study. 
These findings are significant because it allows for a comparison with other arrays in the Perth 
demographic, the typical array performance ratios in the Perth region is approximately 0.8 [2] [3], 
from this it can be concluded that the Murdoch array performs better than expected for the region. 
Shading impacts PV generation and this is evident in the array data. It can also lead to more 
significant issues such as hot spots and module damage and this can become a costly problem. 
Soiling has been proven in this scenario to reduce the overall performance of the array, this has 
been shown through a slow reduction in performance over a long dry period then an increase after a 
period of heavy rain. Degradation is the biggest issue affecting PV arrays around the world, the cells 
in the modules experience an aging effect and see a reduction in performance. The Murdoch array 
has not yet shown signs of degradation in the analysis period of this report of five years, this is 
indicative of the quality of the installation and the cell manufacturing quality. 
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1. Introduction 
 
With the ever increasing price of fossil fuels and the need to reduce Greenhouse Gas emissions, it is 
becoming more important to source alternative power generation methods. Renewable energies are 
leading the way through innovation and invention. One particular area of renewable energy is the 
quickly expanding solar power. Two main areas where solar power is utilized heavily in residential 
and small scale power systems are through household power generation and hot water systems. The 
total cumulative capacity of all small scale solar systems in Perth, WA as published in the Clean 
Energy Australia Report 2013 [4] was 3270MW, which accounts for a total of 1,246,775 household 
systems installed in Australia by the end of 2013.  
The data illustrated in Figure 1 shows a dramatic increase of cumulative installed capacity from 2009 
onwards. Although it also shows a decrease of capacity being installed year by year from 2011, these 
trends are most likely indicative of the drop in PV prices and the inherent benefits of solar. This 
trend may also have been influenced by the government feed-in tariff of 40c being suspended on 
August 1st 2011, with less incentive more frugal spending and less investment for households to 
install solar systems the number of systems installed started decreasing. 
 
 
Figure 1 - Installed Capacity of Small Scale Power Systems in WA [4] 
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There is fierce competition in the area of solar installation. With customers less willing to spend 
more money it is more important than ever to be able to provide a high level of service and product 
for a competitive price. The effect of this can be seen in Figure 2, as the demand for solar increased 
as did the number of installers accredited in Western Australia. In 2011 when the demand for solar 
installations decreased, the number of accredited installers operating also decreased. With the 
market on the decline the only option for the smaller less established installers would have been to 
shut down operations and move into a different field, and in order for the bigger installers to 
maintain income figures would have been to buy smaller operators and assimilate their business. 
 
 
Figure 2 - Accredited Solar Panel Installers and Designers in WA [4] 
 
Figure 3 shows the percentage breakdown of renewable energies being used in Australia, solar 
accounts for 11% of the renewable power generated. From this renewable energies account for 
14.76% of annual electricity generation in 2013 [4]. 
 
 
 
 
Figure 3 - Estimated Percentage Contribution of Renewable Generation [4] 
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Figure 4 - Installed Solar Capacity by Postcode in the Murdoch postcode as of 15/06/2015 [5] 
The map in Figure 4 shows the estimated percentage of houses in a single postcode that have solar 
systems installed on them and the total estimated capacity of these systems. The Murdoch postcode 
is 6150 which also includes the surrounding suburbs of Bateman and Winthrop. The estimated 
number of dwellings in this postcode with solar systems is approximately 1094, with a total 
estimated number of dwellings being 4395. This means approximately 24.9% of dwellings have an 
installed system. The total installed capacity of these systems is estimated at 2833kW and an 
estimated annual energy yield of 3915 MWh [5]. The red marker on the map indicates a power 
station with a capacity larger than 100kW, in this case this station is AWTA Bibra Lake Solar (150kW) 
[5]. 
 
Installed Year Hydro 
Systems 
Solar Systems Wind 
Systems 
Solar water 
heaters 
Total 
2008 1 14,064 43 85,385 99,493 
2009 5 62,916 58 194,695 257,674 
2010 3 198,208 136 127,093 325,440 
2011 1 360,745 44 105,050 465,840 
2012 2 343,320 8 69,466 412,796 
2013 2 200,407 3 58,299 258,711 
2014 1 178,488 10 56,879 235,378 
2015 0 50,431 2 15,073 66,506 
Total 15 1,408,579 304 711,940 2,121,838 
Table 1 - Small-Scale Installations by installed year in Australia [6] 
“The Clean Energy Regulator is the Government body responsible for administering legislation to 
reduce carbon emissions and increase the use of clean energy.” [6] Table 1, Table 2 and Table 3 are 
comprised of data produced by the Clean Energy Regulator. This government division monitors clean 
energy solutions and provides statistics on the subject. Table 1 shows the number of small-scale 
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clean energy installations since the Murdoch array was installed, again an increasing trend up until 
2011 can be seen then a steady decrease each year since. 
Figure 5 is an illustration of all the data collected by the Clean Energy Regulator. As can be seen in 
the data produced by the Clean Energy Council [4] there is a peak towards 2010/2011 and then a 
steady decrease ever since. This change appears to be an Australia wide economic problem with the 
government incentives for solar abolished, price developments of PV panels and the ongoing 
financial issues plaguing this country. 
 
 
Figure 5 - Number of Renewable Systems Installed Each Year [6] 
 
Table 2 and Table 3 below show the installed quantity of each clean energy alternative across 
Australia and the associated outputs of each technology. It is clear that the most popular alternative 
energy is solar with over 4.2 million kW combined output. Australia consists of approximately 
9,117,033 (2011) dwellings [7], with a total of 924,363 solar hot water heaters installed. This means 
that approximately 10% of houses enjoy the benefits of a solar hot water heater [6]. 
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Solar Water Heaters 737,307 
Total Solar Hot Water System Installations 924,363 
Table 3 - Solar Water Heater Installations as of 05/06/2015 [6] 
 
Figure 6 - Assortment of Household Solar Along One West Australian Street 
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2. System Background 
 
Murdoch University has set out on a path to become Perth’s first privately owned power station. In 
order to be considered a power station the system needs to generate a combined output of 100kWp 
[1]. Murdoch University has a connection agreement with Western Power to supply the grid with 
less than 100kW, the 56kWp system falls under this agreement. Currently 56kWp has been installed 
on the North facing elevation of the south street campus library, this means Murdoch is more than 
half way on track to achieving this goal. The University is dedicated to reducing its carbon foot print 
and preventing the emission of excess greenhouse gases [1]. As of 13th May 2015 the system has 
generated over 555,456 kWh, had over $238,901 in reimbursements and avoided 388,819.48kg of 
CO2 being released into the atmosphere. [8] 
Commencing in 2008, Murdoch University started installing a 26kWp photovoltaic system. This was 
the first stage on the road to becoming Perth’s first privately owned power station. This first stage 
consisted of 192 Kyocera poly-crystalline 135W PV panels connected to 4 SMA Sunny Mini Central 
6000A inverters. This had a configuration of 4 strings of 12 panels for each of the inverters.   The 
system was installed by Solar Unlimited, being commissioned on the 5th of December 2008. 
Technical Data  
PV peak power 25.92k W 
Total number of modules 192 
Area of PV-generator 196.4 m2 
Number of inverters 4 
Max. DC power of inverters 25.20 kW 
Max. AC power of inverters 24.00 kW 
Inverters Efficiency 94.9% 
Table 4- 26kWp 2008 Solar Installation Specifications [9] 
The second stage of the project began in 2009 and was an extra 30kWp to add onto the existing 
26kWp, to produce a 56kWp combined photovoltaic system. This system was installed by Solar PV. It 
consists of 171 SunGrid 175W mono-crystalline PV panels, 5 SMA Sunny Mini Central 6000A 
inverters. This array had a configuration of 3 strings of 11 panels for 3 of the inverters, then 3 strings 
of 12 panels on the other 2 inverters. This stage also saw the introduction of the Sunny SensorBox to 
measure irradiation, wind speed, ambient temperature and module temperature [10]. 
Technical Data  
PV peak power 29.93k W 
Total number of modules 171 
Area of PV-generator 218.31 m2 
Number of inverters 5 
Max. DC power of inverters 29.08 kW 
Max. AC power of inverters 27.60 kW 
Inverters Efficiency 94.9% 
Table 5 - 30kWp 2009 Solar Installation Specifications 
Figure 7 below shows the physical layout of the combined array installed onto the library roof. 
Shown in the figure through the use of different colours is the connection of each inverter to its 
relevant strings in the array. This helps to identify each arrays individual performance in the data set 
and will allow issues such as shading to be explored with greater ease. 
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Figure 7 - Configuration of the Murdoch University PV System
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2.1. Array PV Panels 
 
2.1.1. SunGrid GYSP175 
 
The SunGrid modules were used in the second stage installation. There were 171 of these panels 
supplied and installed by Solar PV. These panels are a mono-Si design. Mono-Si panels are one of the 
most common but older styles of PV panel. The main advantages of mono-Si panels are their 
longevity, efficiency and a greater resistance to higher temperatures than other types of panels [11] 
[12]. The warranty offered from SunGrid is a 10 year product warranty with performance warranties 
of 12 years @ 90% and 25 years @ 85%, with a number of quality assurance factors such as 
insulation, outdoor exposure, hot-spot endurance, UV exposure, hail impact and a bypass diode 
thermal test [13]. These panels are a guaranteed performer in any solar power plant. 
The efficiency of the SunGrid cells is listed as >16.5% [13]. Typical mono-Si cell efficiencies range 
between 15-20% [14], this places the SunGrid cells in the lower range for mono-Si efficiencies 
although it out performs most poly-Si cell with typical efficiency ranging between 13-16% [14].  
Electrical Performance   
PV Module Type  GYSP175 
At 1000 W/m2 (STC)*   
Maximum Power W 175 
Maximum System Voltage V 1000 
Maximum Power Voltage V 35.2 
Maximum Power Current A 4.97 
Open Circuit Voltage (Voc) V 43.6 
Short Circuit Current (Isc) A 5.48 
   
Operating Temperature Scope °C -40/+85 
Power Tolerance % +5/-0 
Temperature Coefficient of Vm 1/°C -0.38 
Temperature Coefficient of Voc 1/°C -0.38 
Temperature Coefficient of Im 1/°C 0.10 
Temperature Coefficient of Isc 1/°C 0.10 
Temperature Coefficient of 
Max. Power 
1/°C -0.47 
Bypass Diodes  3 
Cells  72 
NOCT °C 46 ±2 
Table 6 - SunGrid GYSP175 technical data [13] 
Table 6 lists the technical and electrical characteristics of the SunGrid panels. These specifications 
are important when designing and building any solar installation as careful consideration needs to be 
exercised when inverter matching and electrical design of layout and wiring. Failure to do so can 
lead to extensive and expensive damages and redesign. 
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Figure 8- Cell voltage vs current for SunGrid PV Panels [13] 
 
Figure 8 illustrates the current voltage characteristics for the SunGrid panel cells. This particular 
figure shows how the cell voltage and current are affected by various irradiance levels. Maintaining a 
stable system voltage can be achieved by allowing the current to vary under the different light 
conditions [13] [2]. 
 
2.1.2. Kyocera KD135GH-2PU 
 
The Kyocera modules were used in the first stage of the installation. There were 192 of these panels 
supplied and installed by Solar Unlimited. These panels are a poly-Si design. Poly-Si panels are a 
great power producer, with a greater power output per square meter than other technologies. The 
panels are a good cost effective method of producing solar power when compared to other panel 
types. Although they do not perform well when in low light or shaded conditions. During these less 
than desirable conditions the efficiency of the panel can decrease dramatically due to a resistance 
build up in the crystal formations.  
These Kyocera poly-Si panels have a cell efficiency of over 16%. Along with their smaller size the 
panels are an appropriate choice when designing a solar power station. Each panel is fitted with 
bypass diodes which helps eliminate the risk of hot spot heating and panel damage. All panels 
manufactured by Kyocera are assembled using Kyocera manufactured parts to ensure quality and 
reliability in their products. [15] 
Table 7 lists the technical and electrical characteristics of the Kyocera panels. This data has been 
provided in standard test conditions (1000 W/m2) and normal operating cell temperature (800 
W/m2). This allows designers to provide an accurate real world estimation for the power output of 
an installation containing the Kyocera panels. 
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Electrical Performance   
PV Module Type  KD135GH-2PU 
At 1000 W/m2 (STC)*   
Maximum Power W 135 
Maximum System Voltage V 1000 
Maximum Power Voltage V 17.7 
Maximum Power Current A 7.63 
Open Circuit Voltage (Voc) V 22.1 
Short Circuit Current (Isc) A 8.37 
At 800 W/m2 (NOCT)**   
Maximum Power W 95 
Maximum Power Voltage V 15.7 
Maximum Power Current A 6.1 
Open Circuit Voltage (Voc) V 20 
Short Circuit Current (Isc) A 6.79 
NOCT °C 47.9 
   
Power Tolerance % +5/-5 
Maximum Reverse Current IR A 15 
Series Fuse Rating A 15 
Temperature Coefficient of Voc 1/°C -0.80x10
-1 
Temperature Coefficient of Isc 1/°C 5.05x10
-3 
Temperature Coefficient of 
Max. Power 
1/°C -6.14x10-1 
Reduction of Efficiency (from 
1000 W/m2 to 200 W/m2) 
% 5.8 
Bypass Diodes  2 
Cells  36 
Table 7 - Kyocera KD135GH-2PU technical data [15] 
Figure 9 illustrates the current voltage characteristics of the cells when operated in different 
temperature conditions, and the current voltage characteristics of the cell when operating at 
different irradiance levels. As can be seen below the voltage is more so affected by temperature 
change than the current. In colder climates the cells will operate at a higher voltage and slightly 
lower current, where as in warmer climates the cells will operate at a much lower voltage. This is 
important in the system design process as the extremes of each value must be taken into 
consideration. For example when matching an inverter the most extreme voltage condition must be 
taken into account as to allow for the inverter to be able to operate under these conditions [11]. 
The irradiance level is also an important factor when considering power generation, as the irradiance 
drops as do power levels. This is most notable at sunrise and sunset. In order to maintain a 
consistent voltage the current will vary dependent on irradiance levels. This is illustrated below. This 
must also be taken into account during inverter matching because the chosen must subsequently be 
able to operate at all current levels produced from the array. The main challenge from this is that 
the irradiance level on any particular day is able to reach well over 1000 W/m2 , which is stated as 
standard test condition (STC) for irradiance levels. In the data collected for this review, irradiance 
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levels of over 1300 W/m2 were recorded. This results in much higher current levels than stated in 
the data sheet [15]. 
 
Figure 9 - Temperature and Voltage Characteristics of Kyocera PV Panels [15] 
 
2.2. Inverters (SMA SMC6000A) 
 
The SMA Sunny Mini Central 6000A (SMA SMC6000A) inverters are designed for installations where 
galvanic isolation is required. These units are versatile and are used around the world in many 
applications and many different types of connections. The SMA SMC6000A can be utilized with any 
type of crystalline panels available and all thin-film PV modules also. [16] 
The inverters operating in the Murdoch Library PV system are 9 SMA SMC6000A single phase, 
galvanically isolated inverters. They have a maximum AC output of 6kW and a maximum DC input of 
6.3kW with maximum DC voltage of 600V operating at a current of 26A per input. Four inputs are 
available on each unit (although only 3 are utilized) for strings or ‘sub arrays’. Each inverter has only 
one built in maximum power point tracker (MPPT) [16] [17]. 
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2.2.1. General Operating Characteristics 
 
The key technical specifications of the SMA SMC6000A are listed in Table 8; 
Sunny Mini Central 6000A Technical Specifications 
Input (DC)   
Max. Dc power (@ cos φ= 1) W 6300 
Max. DC voltage V 600 
MPP voltage range V 246-480 
DC nominal voltage V 270 
Min. DC voltage / start voltage V 211 / 300 
Max. input current / per string A 26 / 26 
Number of MPP trackers / stings per MPP tracker  1 / 4 
Output (AC)   
AC nominal power (@230 V, 50Hz) W 6000 
Max. Apparent Power VA 6000 
Nominal AC voltage range V 220, 230, 240 
AC grid frequency Hz 50, 60 ± 4.5 
Max. output current A 26 
Power factor (cos φ)  1 
Efficiency   
Max efficiency / Euro-eta % 96.1 / 95.3 
General Data   
Operating temperatures °C -25 to +60 
Table 8 - Sunny Mini Central 6000A Technical Specifications [16] 
 
Each inverter has the capability of recording total energy produced, DC voltage and DC current, AC 
power, voltage and current, Grid frequency along with the total hours of operation and each unit’s 
individual status. The inverters tolerances are based on the maximum value for the operating range 
which are ± 3% for AC components and ±4% for DC components. Listed in Table 9 below is the value, 
unit, tolerance and range for each of the measured parameters [2]. 
 
DC and AC measurement tolerances and ranges 
 Max. Value Unit Tolerance Range 
Input (DC)   
DC voltage 600 V 4% ± 24 V 
DC current 26 A 4% ± 1.04 A 
Output (AC)     
AC power 6000 W 3% ± 180 W 
AC voltage 260 V 3% ± 7.8 V 
AC grid frequency 60 Hz 3% ± 1.8 Hz 
Output current 26 A 3% ± 0.78 A 
Table 9 - DC and AC measurement tolerances and ranges [2] 
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2.2.2. Efficiency Curves 
 
Figure 10 is a reproduction from the SMA Sunny Mini Central 6000A datasheet. It shows the 
efficiency of the inverter at 275 VDC, 380 VDC and 500 VDC. It is clear from this graph that as the system 
voltage increases the overall inverter efficiency decreases. From the data sheet the maximum 
inverter efficiency is 96.1% at 275 VDC and approximately 94.45% at 500 VDC [16].  
 
 
Figure 10 - Efficiency curve SUNNY MINI CENTRAL 6000A [16] 
 
In Figure 11 is the inverter efficiency as extracted from PVSyst data files, since PVSyst was used to 
simulate parts of the system to verify data outputs from the array. It is prudent to compare whether 
the equipment used has the same specifications as the simulated equipment. As shown the 
maximum inverter ‘California Energy Commission’ or CEC efficiency (one of the standards from 
which all efficiencies are based) at 275 VDC is 95.67%. This then drops to a CEC efficiency of 94.41% at 
500 VDC [18] 
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Figure 11 - Efficiency curve SUNNY MINI CENTRAL 6000A [18] 
 
 
Figure 12 - System Inverter Overview (Rounded simulated figures) [18] 
Simulating the system in PVSyst, the data shown in Figure 12 and Figure 13 can be obtained. A 
system overview of the inverters is available in Figure 12 it shows a total of 9 inverters, 4 on the first 
installation with a total theoretical output of 26kWp and 5 on the second installation with a total 
theoretical output of 30kWp. This simulation output shows the systems operating voltage range and 
each inverters nominal power. These characteristics are important when calculating the total system 
loss through the inverters. The total power output is calculated for each subarray installation after 
losses, with a total combined power output of 50kW AC with a ≈4.6% loss is recorded. 
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Figure 13 – PVSyst Simulated System Outputs including losses [18] 
The PVSyst simulation provides a detailed loss diagram for the simulated system, this can be seen in 
Figure 13. This simulation is the result of inputting the system specifications into the program, such 
as inverter specifications. SunGrid and Kyocera panel parameters were built into the software. 
Azimuth and tilt details of the array input and Location data was chosen. The software contained an 
example weather data for the location so this data was used in the simulation. Figure 13 shows the 
output of this data combination, the main factor taken from this simulations is the global inverter 
losses which account for 4.6% of the total system loss.   
Figure 14 shows the total loss against energy output at the inverter, this is a simulated day from 
sample meteorological data inbuilt into the PVSyst software [18]. For the simulated day the total 
inverter loss of the system is 16.22kWh, leaving the system with a total available output power of 
374.2kWh. 
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Figure 14 - Total inverter loss vs Total Inverter Output [18] 
 
3. System Losses 
 
3.1. Shading Issues 
 
Shading has caused issues with the performance of this particular system. Significant shading from 
trees in Bush Court occurs during the colder months. This is due to the winter solstice. The lower 
angle of the sun and the height of the trees causes shading through most of the day. The height of 
these trees is also an issue in early morning and late afternoon during the summer solstice, causing 
smaller amounts of shading on the corners of the array [2]. 
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Figure 15 – ‘Map data: Google, DigitalGlobe’ Seasonal Shading 11/06/2014 [19] 
This shading does have a noticeable effect on the power output of the array. When a module not 
equipped with bypass diodes is subjected to shading the power output of an individual module will 
become limited. The result of which can be the power of the non-shaded cells being dissipated into 
the cells that may be shaded, this is also known as ‘hot-spot’ heating. The effect of hot-spot heating 
can lead to significant damage to the modules including the glass cover, circuit component melting 
and even fires [20] [21].  
Because of the significant threat that hot-spot heating and shaded cells can cause to modules, 
bypass diodes are installed. Through the installation of bypass diodes in the modules shaded cells 
are bypassed when the diode switches from a reverse bias state under normal conditions to a 
forward bias state due to a mismatch between several series connected cells in the module. The 
diode conducts when it limits the voltage across the shaded cell and prevents hot-spots [20].  
Both types of panels in the Murdoch University PV system are equipped with bypass diodes. The 
Kyocera poly-Si module has 2 bypass diodes which means 1 diode for a series of 18 cells, whereas 
the SunGrid mono-Si module has 3 therefore 1 diode for a series of 24 cells [2]. 
Partial shading causes a problem for maximum power point (MPP) tracking. When partial shading 
occurs on an individual module equipped with bypass diodes, multiple MPP’s can occur. Illustrated in 
Figure 16 is the I-V curve for a partially shaded module, it shows multiple distinct MPP’s. Figure 17 
shows partial shading on a string of modules, and three MPP’s can be seen in the I-V curve [20] [22]. 
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Figure 16 - Partial Shading Effect on an Individual Module [22] 
 
 
Figure 17 - Partial Shading Effect on a String of Modules [22] 
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Figure 18 - Thermal imagery of the Murdoch array 
 
Hotspot heating can be a very dangerous issue for an array. Hotspots can cause short circuits, 
equipment failure and even combust causing massive damage [21]. The best method to survey for 
hotspots is with thermal imaging. These surveys can be very simple and effective.   
In a survey completed on the 15/08/2014, there were no visible hotspots in the array. There were 
however significant heat reflections from vents on the roof next to the array. This survey can be 
considered as general due to the low resolution of the equipment used and the low angle at which 
the images were taken. The survey images are shown above. 
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3.2. Temperature Issues 
 
In Australia the temperature during the summer months can be very harsh with equally harsh 
irradiance levels. During these conditions the temperature of the module increases towards the 
higher bracket of the modules operating temperature range of -40/+85 °C as per Table 6. This is a 
significant deteriorating factor when evaluating the performance of the array. The modules in the 
Murdoch University’s PV system have a temperature derating factor of -6.14x10-1 W/°C for the poly-
Si Kyocera modules and a value of -0.47 W/°C for the mono-Si modules. Shown in Figure 19 and 
Figure 20 is the power (W) vs the voltage (V) of each module under different module temperatures. 
These graphs have been extracted from the program PVSyst [15] [13]. 
 
Figure 19 - Kyocera KD135GH-2PU Temperature effect on power and voltage [18] 
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Figure 20 - SunGrid SG-175M5-V Temperature effect on power and voltage [18] 
In Australian Standard AS4509.2 it is suggested that a module’s operating temperature is 25°C above 
ambient. From this, module temperatures would regularly exceed 55°C from October through to 
April due to daily temperatures in excess of 30°C. Shown in Figure 21 below is the 2014 temperature 
data from the Murdoch University weather station (Murdoch MET) [23]. 
 
Figure 21 - Daily Temperature 2014 (ºC) 
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From this weather data, an expected trend in the data can be see. January through April, an average 
temperature of around 25°C with maximum values of up to 40°C and minimum values of 15°C, then 
a drop to an average of 15°C with maximum values of up to 23°C and minimum values of 1°C, then 
again increasing back up to the higher values expected in the summer months.  
 
 
Figure 22 - Theoretical Module Temperature 2014 (ºC) 
 
As can be seen in Figure 22, module temperatures will exceed 55°C in the months of November 
through April. These temperatures can cause over 14% loss in the system. Analysing the 2014 
module temperature graph, the temperature does not often dip below 40°C. This means for the 
majority of the year the system will experience a 7% power loss from standard test conditions. 
All cabling for the system is mounted to the rear of the modules. When experiencing these high 
temperatures on the rear of the modules each cable’s internal temperature will rise. According to 
AS3008, when the temperature of the copper core increases, a derating effect on the current 
carrying capacity occurs. Therefore when designing the system, these higher temperatures will need 
to be taken into account in order to choose an appropriately larger capacity cable, this will incur a 
higher installation cost for the system [24]. 
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4. Data Collection 
 
The Sunny Boy SMA SMC6000A inverters record a multitude of parameters and values. The 
parameters in Table 10 are the parameters that were extracted from the data in order to perform a 
performance evaluation [16]. 
Parameter Meaning 
E-Total Total cumulative energy fed into the grid 
IAC-ist AC grid current 
IPV DC array current 
PAC Instantaneous AC power 
UAC AC grid voltage 
UPV-ist DC array voltage 
Table 10 - SMA SMC6000A Inverter Parameters [16] 
The SMA SensorBox mounted on the eastern side of the roof on the plane of the array, records 
meteorological data. It outputs the following parameters [10]. 
Parameter Meaning 
IntSolIrr Present solar irradiation level 
TmpAmb C Ambient Temperature Celsius 
TmpMdul C Module Temperature in Celsius 
WindVel m/s Wind speed in meters per second 
Table 11 - SMA SensorBox Data Parameters [10] 
This sensor box has encountered significant issues with no recorded data for solar radiation, module 
temperature and wind speed until 26th November 2010. Ambient temperature began recording in 4th 
March 2011. Until the 28th September 2012, when the sensor box failed and stopped recording any 
data, the unit has not recorded any data since this day, it has been recommended that the unit be 
fixed or replaced. 
Weather data was recorded from the Murdoch MET station, the data is all recorded in 10 minute 
intervals. The parameters that were recorded from the weather station are solar radiation on the 
horizontal plane and ambient temperature [23]. 
 
5. Data Collation 
 
Weather data at the site is recorded by a Sunny SensorBox. The sensor records solar irradiance, 
ambient and module temperature and wind speed. Solar irradiance is recorded by a small 
amorphous silicon cell with a measurement range of 0 W/m2 to 1500 W/m2 and an accuracy of ±8 % 
[10]. The sensor box records ambient temperature from -25 ºC to +70 ºC [10]. It records module 
temperatures using a platinum sensor with a range of -20 ºC to +110 ºC and an accuracy of ±0.5 ºC 
[10]. This sensor box has the optional attachment of an anemometer to measure wind speed at the 
site [10]. 
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The sensor box is located on the eastern end of the system. It is mounted on the very edge of the 
roof and attached to the system by cable a for temperature monitoring. Mounting of the sensor box 
can be seen in Figure 23 and Figure 24. 
 
 
Figure 23 - SensorBox location on North Elevation of Library Roof 
 
Figure 24 - SensorBox with attached Anemometer mounted to North Elevation 
 
Unfortunately there has been many issues with the SMA SensorBox, less than a year of 
meteorological data has been recorded in the time it has been operating. This is an issue that will 
need addressing as it has been an ongoing problem. Because of this, it was decided that the data 
recorded by the Murdoch University’s Environmental Science Meteorological (MET) station would 
need to be used for the data analysis.     
This has not been an ideal scenario as the station is almost a kilometre away to the south east from 
the site (as seen in Figure 25). The need for this data is to infer module temperatures and solar 
irradiance at the site. These values are necessary in order to complete a power analysis on the array.  
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Because of the issue with the SMA SensorBox it was decided that all the meteorological data used 
would be sourced from the MET station. This is to maintain consistency in the data and provide an 
appropriate analysis [23]. 
 
Figure 25 – Location of MET station in comparison to array location [19] 
During the design and sizing process of PV array installations the Australian Standard 5033:2005 says 
that an acceptable module operating temperature to simulate and calculate derating factors is 25°C 
above ambient conditions. It is important to test this assumption against real world factors due to 
environmental conditions. At the array site on the Murdoch South Street campus there are many 
factors that have the ability to influence the module temperatures, from abnormally high irradiance 
to the sheltered position of the array. These factors have a large impact on the output and energy 
yield of the array. These factors also have a profound effect on design and sizing of any future 
additions to the system [25]. 
Data from the MET station is all recorded in 10 minute intervals. This data can be downloaded 
directly from the MET website [23]. The data recorded through the inverters is continuous but must 
be extracted and read by the XML parser. This program then stacks all the data into a readable 
format in a chosen time interval, for this project the data has been extracted also into 10 minute 
intervals. 
The data downloaded from the MET station included [23]; 
 Timestamp 
 Ambient Temperature (°C) 
 Solar Radiation on the horizontal plane (W/m2) 
 Rainfall (mm) 
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These parameters were used to calculate theoretical module temperatures. Because there is no 
solar irradiance recorded on the plane of the array, the solar radiation recorded by the MET station 
on the horizontal plane will be used as an approximation. The MET station records data for all hours 
of the day, whereas the inverters record only when the array output is above zero i.e. only during 
daylight hours. The MET data was then filtered to be brought into line with the inverter data output 
[23]. 
5.1. Weather Data 
 
5.1.1. Solar Radiation 
 
The Murdoch MET station records solar irradiance using a pyranometer, which records on the 
horizontal plane in ten minute averaged short wave radiation flux density measurements (Jm−2s−1 or 
W/m2) [23]. These measurements are a good approximation but not entirely accurate to what will 
incident on the array. The array is on an inclination of 30° facing approximately due north, although 
magnetic declination is current -1° 46’ [26] (for May 2015) making an accurate reading of true north 
difficult to measure. 
Figure 26 illustrates a weekly snapshot for June 2014 of solar radiation data as recorded by the 
Murdoch MET station. This data is a good example as it shows weather variation and the effect it has 
on the solar irradiance, from the data snapshot it can be concluded that from 03/06/2014 to 
13/06/2014 were rather cloudy days, this is shown through the noise and the lower solar irradiance 
output in each of the days data. Whereas on the days from 14/06/2014 to 16/06/2014 were clearer 
with fewer clouds passing over the sensor, this is shown by how smooth the data is on these days 
with very little noise and a higher output [23]. 
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Figure 26 - Solar Radiation Measurements for the month of June 2014 
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5.1.2. Module Operating Temperatures 
 
Temperature standard test conditions for a PV module is 25 ºC under 1000W/m2. Whilst operating in 
the field module temperatures generally operate at higher values. It is important to calculate the 
module’s operating temperature as this determines the final power output of the system.  
Nominal Operating Cell Temperature or ‘NOCT’ is defined as the temperature reached by open 
circuit cells in a module under the following conditions [27]. 
 
Irradiance on cell surface 800W/m2 
Air Temperature 20ºC 
Wind Velocity 1 m/s 
Mounting Open back side 
Table 12 - NOCT module conditions [27] 
Figure 27 shows the best case, worst case and average case for cooling on a PV module. All three 
scenarios see a linear relationship between temperature losses and solar irradiance. The most 
effective way to minimize the temperature difference between ambient and PV modules is to install 
a cooling system such as aluminium fins to dissipate heat more effectively, modules will reach a 
greater temperature differential to ambient conditions when no cooling system is implemented. 
From the data provided from the reference material the best module operated at a NOCT of 33ºC 
and the worst at 58ºC with a typical module NOCT of 48ºC. This leads to a typical average module 
temperature that can be expressed by 𝑇𝑐𝑒𝑙𝑙 = 𝑇𝑎𝑖𝑟 + 0.35(𝑆) [27] [28]. 
 
 
Figure 27 - Temperature increases as Solar Irradiance increases [27] [28] 
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From this an approximate expression to calculate the cell temperature as given by (Figure 28 
[29]. This equation can then be used to calculate a cell temperature for any other PV module, given 
the NOCT is known. 
 
 
 (Figure 28 - Cell Temperature Calculation given by [27] [29])  
 
Using the equation in 1, the nominal operating cell temperatures for the data sets can be calculated. 
Because the SensorBox was located on the eastern side attached to the SunGrid modules, the NOCT 
temperature used for the calculations would be that of the SunGrid panels. The NOCT value of the 
SunGrid modules is 46ºC ±2 [13], this value is then used in the equation 1. 
Figure 29 is the 2011 SensorBox recorded module temperatures versus those calculated using the 
NOCT method for the Murdoch array, this comparison proves that the NOCT method is an 
acceptable substitute for the missing SensorBox data. The two temperature data sets match very 
closely and display the same obvious seasonal trend, this data is a good representation of the 
possible real world module temperatures [23]. 
 
Figure 29 - 2011 SensorBox Module Temperature vs Calculated using the NOCT method 
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Figure 30 - NOCT Calculated Module Temperature vs SensorBox Recorded Module Temperatures 
Figure 30 illustrates the Module Temperature calculated by NOCT method vs SensorBox Recorded 
Module Temperatures. This is another way of demonstrating the fit of the calculated values to be 
accepted as a substitute for the missing SensorBox data. The data has a strong fit with an R2 value of 
0.917. There are fewer outliers at lower temperatures but more at higher values. This linear 
regression model appears acceptable for determining module temperatures based on NOCT 
calculations [2].  
 
5.1.3. Rainfall 
 
It is believed that soiling can reduce the annual performance of an array by up to 7% [30]. The soiling 
effect can be seen through a performance decrease over an extended period of dry weather, the 
data compiled in Figure 31 is the total AC power output versus the rainfall for the same period, in 
this case summer. The power decrease can be seen through the dry months and then a sudden 
increase is immediately seen after the rainfall.  
As can be seen in Figure 31, power is consistent for a period, then dropped as the weather changed 
and the rain came in then once that rain cleared the power output of the array had increased by 
approximately 15%, then as the colder, cloudier days set in the power output drops further. This 
power increase after the first heavy rain of the season is an indication of the soiling effect on the 
array, dust, dirt and grime accumulate on the module surface and is then washed away when the 
modules are exposed to wet conditions [23].   
y = 0.948x + 1.8777 
R² = 0.917 
0
10
20
30
40
50
60
70
80
90
0 10 20 30 40 50 60 70 80 90M
o
d
u
le
 T
em
p
er
at
u
re
s 
C
al
cu
la
te
d
 b
y 
N
O
C
T 
m
et
h
o
d
 
SensorBox Recorded Module Temperatures 
Module Temperature calculated by NOCT method vs 
SensorBox Recorded Module Temperatures  
 
31 
  
 
Figure 31 - 2014 Total AC Power Output vs Daily Rainfall 
 
5.1.4. Solar Eclipse 
 
During the time the array has been in operation, there has been one total solar eclipse that has 
occurred during daylight hours and been recorded by the data system. This data can be seen in 
Figure 32 [31]. The eclipse occurred between 13:18 hrs and 16:00 hrs WST on 29/04/2014. This can 
be seen in the graph as a sudden loss of power occurring in the time of day when the generation 
should have been the highest. It then increased again once the eclipse had passed and then 
decreased again as the sun set. [32] 
The main concern during a solar event such as this is not the drain in power, but instead the sudden 
increase in power when the eclipse clears. The best case scenario in this situation would be for the 
eclipse to occur on a cloudy day, where the solar radiation adjustment is minimal. Whereas the 
worst case scenario would be when the sky was clear and the solar radiation is unencumbered by 
clouds, and the power will increase rapidly. This sudden increase could cause damage to the system 
and even cause blackouts to occur [33]. 
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Figure 32 - Array output for the 29/04/2014 to the 30/04/2014 when a solar eclipse occurred [31] 
 
6. Performance Analysis Methodology 
This performance analysis has been undertaken following the guidelines as recorded in the 
document IEC 61724 ‘Photovoltaic system performance monitoring – guidelines for measurement, 
data exchange and analysis’ [34]. 
6.1. Measurement Tolerances 
 
The international standard IEC 61724 states that all measurement devices associated with array 
performance monitoring must have the accuracies as set in Table 13. 
Measurement Accuracy  
Solar Radiation ± 5%  
Ambient Air Temperature ± 1K  
Module Temperature ± 1K  
Voltage and Current ± 1%  
Electrical Power ± 2%  
Sampling Interval ≤ 1 minute Irradiance dependant parameters 
 1 ≤ s ≥ 10 minutes Slower responding parameters 
Table 13 - IEC 61725 Device Measurement Tolerances [34] 
The measurement devices used to record data from the array include the inverters and the sensor 
box, Due to equipment malfunctions the data from the Murdoch MET station had to be used as well. 
The measurement accuracy of each of the inverters is listed in Table 14, the sensor box in Table 15 
and the Murdoch MET station in Table 16. 
Measurement Max Value Accuracy Range 
Input (DC)    
DC Voltage 600 V ± 4% ± 24V 
DC Current 26 A ± 4% ± 1.04A 
Output (AC)    
AC Power 6000 W ± 3% ± 180W 
AC Voltage 260 V ± 3% ± 7.8V 
Grid Frequency 60 Hz ± 3% ± 1.8Hz 
AC Current 26 A ± 3% ± 0.78A 
Table 14 - Measurement accuracy of SMA SMC 6000A inverters [16] 
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Measurement Range Accuracy Resolution 
Solar Radiation 0 to 1500 W/m2 ± 8% 1 W/m2 
Ambient Temperature -25 ºC to +70 ºC  Not Avaliable N/A 
Module Temperature -20 ºC to +110 ºC ± 0.5 ºC 0.1 ºC 
Table 15 - Measurement accuracy of Sunny SensorBox [10] 
 
Measurement Range Accuracy Sensor 
Temperature -40 ºC - + 60 ºC ± 0.3 ºC Temperature Sensor 
 0% – 100% ± 1.0% Hygrometer 
Solar Radiation 0 – 2000 W/m2 ± 3.0% Pyranometer 
Table 16 - Measurement accuracy of Murdoch MET station [23] 
 
As can be seen in the tables above, with the exception of the module temperatures recorded by the 
SensorBox, none of the measurements being recorded by the SMA system components adhere to 
the international standard of IEC 61724. These discrepancies in the data may cause anomalies in the 
data used for the performance analysis. All recording devices used in the Murdoch MET station are 
well within the tolerance requirements stated in the IEC standard. 
From the information presented above, any results obtained from a performance evaluation using 
these recording devices is not accurate enough to comply with the international standard IEC 61724 
and can therefore only be used as a guide for the performance of the system. [34] 
6.2. Method of Monitoring 
 
In order for the performance analysis to be credible, the conditions as detailed in IEC 61724 must be 
adhered to, the relevant conditions for this array are listed and described as follows. [34] 
6.2.1. Irradiance 
 
All irradiance data to be used in the performance analysis is to be recorded on the plane of the 
array, measurements on the horizontal plane are permissible when comparisons with other 
meteorological data from other locations. [34] 
6.2.2. Ambient Air Temperature 
 
Ambient air temperature must be recorded at the same location of the array as to be indicative of 
the temperature conditions experienced by the system. It shall be recorded by a solar shielded 
sensor with an accuracy better than 1ºK. [34] 
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6.2.3. Module Temperature 
 
Module temperatures must be recorded by sensors placed on the back surface of one or more 
modules. This sensor must not be placed in such a way that it modifies the actual temperature 
experienced by the modules and must have a reading tolerance of better than 1ºK. [34] 
 
6.2.4. Voltage and Current 
 
Voltage and current can be measured on the AC side or the DC side, although AC values may not be 
needed in some situations. The accuracy of these measuring devices must be within a 1% tolerance 
of the reading. [34] 
 
6.2.5. Electrical Power 
 
It is recommended that a power sensor with a high speed response, such as a kWh meter, is used 
when measuring power on the AC side to help avoid sampling errors. This power sensor must be 
able to account for power factor and any harmonic distortions, this sensor must have an accuracy 
better than 2%. 
DC electrical power can either be recorded by a power sensor or can be calculated from current and 
voltage values, these values cannot be the averaged values but instead must be a sampled value. On 
some systems the recorded DC power values may have large amounts of AC ripple associated. In this 
case another measurement device may be necessary. Any measurement device shall have an 
accuracy better than 2%. [34] 
 
6.2.6. Data Acquisition 
 
Any data must be recorded by an automated data acquisition device. Its accuracy as determined by a 
given calibration method. Any device must be based around any commercially available software 
and hardware, with proper and correct documents backed with proper technical support. [34] 
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7. Performance Analysis Results 
 
7.1. Effects of Seasonal Variations 
 
Seasonal changes are seen through the solar radiation trend. During the summer months the 
irradiance reaches higher values than during the winter months. The minimum values of irradiance 
appear in June and July. This is also reflected in the power output of the array as it closely mirrors 
the trend in the irradiance data. Temperature values also show the same seasonal trend as the other 
data points, with increasing temperatures during periods with higher irradiance values. These trends 
are shown below in Figure 33. 
 
Figure 33 – Monthly Average Array Output from 2010 to 2014 for daylight hours 
 
Figure 34 illustrates the monthly averaged performance ratios for all data from 2010 to 2014, the 
figure shows that the performance ratio during the winter periods is greater than that of the 
summer periods. During the cooler periods there are less losses in the system whether it be thermal 
loss or soiling loss. It is interesting to note that the performance ratio average during 2011 and 2012 
is considerably lower than that of the performance ratio for 2013 and 2014. This is most likely due to 
errors in the recording devices or in the data collation.  
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Figure 34 - Monthly averaged performance ratios for 2010 to 2014 
 
Table 17 shows all the monthly averaged performance characteristics for the array from 2010 until 
2014, which allows for ease of data analysis and comparison. In Figure 33, the trend suggests that 
the solar irradiance has been steadily increasing each year from 2011. This may suggest a shift in 
weather patterns in Perth or faulty recording equipment. Further analysis should be undertaken in 
order to prove this fact. 
Month / 
Year 
Power AC Total 
(W) 
Performance 
Ratio 
Solar 
Radiation 
(W/m2) 
Ambient 
Temperature (°C) 
NOCT Panel 
Temp (°C) 
2010           
Sep 24503.85 0.81 483.46 20.27 35.98 
Oct 25784.10 0.76 540.85 19.04 36.62 
2011           
Feb 12449.77 0.38 294.85 28.44 38.02 
Mar 13611.37 0.40 294.20 24.61 34.17 
May 7386.94 0.41 133.59 15.95 20.29 
Jun 6754.37 0.43 117.56 14.62 18.44 
Jul 6906.17 0.43 119.65 12.98 16.87 
Aug 9942.03 0.48 179.17 14.34 20.16 
Sep 10967.55 0.43 216.54 14.61 21.64 
Oct 11568.85 0.40 260.15 17.97 26.42 
Nov 12934.66 0.38 309.99 19.72 29.79 
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Dec 12857.77 0.37 326.72 23.25 33.87 
2012           
Jan 13845.27 0.38 349.92 26.25 37.62 
Feb 11507.21 0.35 302.41 23.91 33.74 
Mar 12082.42 0.35 293.58 22.92 32.47 
Apr 8924.01 0.38 192.12 19.49 25.74 
May 8582.31 0.42 155.98 16.08 21.15 
Jun 5363.30 0.38 102.77 14.46 17.80 
Jul 8545.80 0.45 150.13 11.92 16.80 
Aug 9340.68 0.43 176.14 13.85 19.57 
Sep 11913.95 0.46 238.41 15.36 23.11 
Oct 23058.96 0.74 500.45 20.37 36.64 
Nov 22730.34 0.69 531.59 20.98 38.25 
Dec 22070.71 0.60 549.73 25.08 42.94 
2013           
Jan 23116.77 0.61 566.34 26.26 44.67 
Feb 24034.14 0.64 570.83 28.07 46.62 
Mar 23327.13 0.76 483.61 23.56 39.28 
Apr 17695.76 0.80 352.80 23.96 35.43 
May 18222.79 0.94 320.02 18.18 28.58 
Jun 17307.39 1.00 291.61 16.39 25.87 
Jul 15812.41 0.89 281.79 14.95 24.11 
Aug 17431.58 0.89 326.65 17.03 27.64 
Sep 18756.49 0.82 374.36 16.87 29.04 
Oct 23037.17 0.75 501.50 19.52 35.82 
Nov 23249.35 0.65 559.07 23.67 41.84 
Dec 23515.42 0.57 602.18 24.78 44.36 
2014           
Jan 23866.03 0.60 604.12 26.41 46.04 
Feb 24770.03 0.63 589.03 27.27 46.42 
Mar 22019.60 0.70 482.33 25.23 40.90 
Apr 21011.46 0.85 404.10 22.15 35.28 
May 14107.93 0.81 271.88 18.35 27.19 
Jun 15087.57 0.94 267.60 16.00 24.70 
Jul 15051.73 0.84 271.25 15.31 24.12 
Aug 18143.31 0.84 333.88 17.85 28.70 
Sep 20324.85 0.78 407.99 18.20 31.46 
Oct 22418.64 0.72 499.95 20.10 36.35 
Nov 22044.84 0.64 530.95 21.11 38.36 
Dec 23692.99 0.59 600.36 23.26 42.78 
Table 17 - Monthly Averaged Values for the Output of the Array from 2010 to 2014 
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7.2. Temperature 
 
The monthly averaged temperatures for 2014 as recorded by the MET station are shown in Figure 
35. The averaged temperature follows an expected seasonal trend with higher temperatures in 
summer and lower temperatures in winter. These ambient temperatures are recorded from 
approximately a kilometre away from the array at a different elevation. Whilst they provide a 
reasonable approximation for the required data there will be a degree of error involved. 
 
 
Figure 35 - Monthly Averaged Temperature for 2014 
 
The NOCT module temperatures are based on the temperatures in Figure 35. The calculated NOCT 
temperatures are shown below in Figure 36. In this figure the NOCT temperatures are plotted 
against the ambient temperatures. It proves that the NOCT temperatures are a product of the 
ambient temperature due to the data trend following the same progression. The variation in the 
difference between the two values is due to the solar radiation variance in the data, the higher 
temperatures and much higher irradiance values cause a larger variance from ambient temperature 
to module temperature.  
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Figure 36 - Monthly Averaged Temperatures for 2014 vs Calculated NOCT 
 
Table 18 details the monthly averaged ambient temperatures and the calculated NOCT module 
temperatures. As can be seen it does not follow the trend as suggested in Australian Standard 
AS4509.2 that a modules operating temperature is 25°C above ambient conditions.  
 
Months Temperature (°C) Calculate Cell Temp (°C) Difference (°C) 
Jan 26.41 46.04 19.63 
Feb 27.27 46.42 19.14 
Mar 25.23 40.90 15.68 
Apr 22.15 35.28 13.13 
May 18.35 27.19 8.84 
Jun 16.00 24.70 8.70 
Jul 15.31 24.12 8.82 
Aug 17.85 28.70 10.85 
Sep 18.20 31.46 13.26 
Oct 20.10 36.35 16.25 
Nov 21.11 38.36 17.26 
Dec 23.26 42.78 19.51 
Table 18 - Monthly Averaged Temperature and NOCT values for 2014 
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7.3. Solar Radiation 
 
Figure 37 presents the monthly averaged solar radiation for 2014. Again this irradiance follows 
expected trends with higher values recorded in the hotter clearer months and lower irradiance 
values recorded in the cloudier months with more rainfall. This irradiance directly affects the power 
of the array with lower outputs during the winter months, although the performance ratio increases 
during the colder months due to less losses. 
 
Figure 37 - Averaged Monthly Solar Radiation for 2014 
 
Table 19 details the specific averaged values for the solar radiation. This data is used to produce the 
graph shown in Figure 37. Monthly averages for this data were used to produce graphs easier to 
compare and understand, it allows for an easier calculation of performance ratios because there is 
less noise and outliers in the data set. 
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Date Solar Radiation 
Jan 604.12 
Feb 589.03 
Mar 482.33 
Apr 404.11 
May 271.88 
Jun 267.60 
Jul 271.25 
Aug 333.88 
Sep 407.99 
Oct 499.95 
Nov 530.95 
Dec 600.37 
Table 19 - Monthly Averaged Solar Radiation values for 2014 
 
An example of differentiating solar radiation values is shown in Figure 38. This week in June 2014 
had 3 different types of daily conditions, from partial clouds that cause an arch with a lot of noise in 
it, this can be seen on the first and last days of the graph, the second 3 days show a clear day with 
little noise in the data and a consistent irradiance maximum value whereas the 5th day of the week 
shows an almost non-existent irradiance curve, this would indicate a day where cloud cover was 
heavy and more than likely a large amount of rain causing the day to be very dark. 
 
 
Figure 38 - MET Solar Radiation for 13/06/2014 to 18/06/2014 
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Irradiance data for a week in June 2014 shown in Figure 38, this data shows a variety of different 
daily conditions. The power graph shown in Figure 39 is comprised of data from each inverter 
combined, the day chosen to display this power data was on that displayed large variance in solar 
radiation through the day. This data is the daily output of the combined array for the 13/06/2014. 
The shape of the power curve closely follows that of the irradiance. This is seen through the sudden 
dip in the graph indicating a drop in power due to lower irradiance levels most likely due to cloud 
cover, rain periods or even shading 
.  
 
Figure 39 - AC Power Output from the combined array for 13/06/2014 
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7.4. Soiling 
 
 
Figure 40 - Performance Ratio after Rainfall 
 
It is believed that soiling can reduce the annual performance of an array by up to 7% [30]. As shown 
in Figure 40 above an increase in power after the first heavy rainfall during April is present in the 
2014 data. This power increase after the first heavy rain of the season is an indication of the soiling 
effect on the array, the data above shows the performance ratio for this data range. From this study 
an increase in performance ratio after a period of heavy rain can be seen, this could indicate the 
soiling effect. It can also be suggested that rainfall does indeed reduce this soiling effect by washing 
the panels clean of dirt, dust and grime.  
 
7.5. Shading 
 
A shading study was undertaken on the 12/06/2015. It commenced at 9am and concluded at 4pm 
when cloud cover was present and it was no longer possible to identify any shading. In the following 
series of figures (from Figure 41 to Figure 47) the progression of the shading can be seen. At 9am the 
shading is localized to the Kyocera modules and covers approximately half of the array. As the sun 
rose further the shading became a smaller portion of the array at 10am and then commenced to 
move towards the eastern end of the array. Figure 42 shows the shading portion being minimized to 
the bottom of the Kyocera modules. Then at 11am Figure 43 shows extensive cloud cover present 
making it near impossible to distinguish any shading. At noon the shading progressed to be partly 
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covering the SunGrid modules to the east as shown in Figure 44. By 1pm the shading moved 
exclusively to the SunGrid modules covering the bottom western corner of the array as shown in 
Figure 45. Examining Figure 46 and Figure 47 at 2pm and 3pm the shading appears to progress to the 
very eastern end of the array and still covering enough of the array to cause a significant drain in 
power on the array. 
 
 
 
Figure 41 - Shading on 12/06/2015 at 9am 
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Figure 42 - Shading on 12/06/2015 at 10am 
 
Figure 43 - Shading on 12/06/2015 at 11am 
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Figure 44 - Shading on 12/06/2015 at 12pm 
 
Figure 45 - Shading on 12/06/2015 at 1pm 
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Figure 46 - Shading on 12/06/2015 at 2pm 
 
Figure 47 - Shading on 12/06/2015 at 3pm 
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7.6. System Yield 
 
The system installed has a total combined theoretical output of 56kWp. Researching further into the 
yields of the system, it appears the highest recorded value of the array in 2014 was 53,396.59kW 
with 12 month averaged value of 20550.95kW. The raw output of the array is shown in Figure 48, 
this figure is the power being injected to the grid for every 10 minute interval, and it represents the 
real power that the array is able to generate with the daily and hourly real world conditions. This 
figure is very important as it relates to the financial and electrical side of the array. Knowing the 
maximum value the output is able to reach allows engineers and electrical draftsman to design the 
system to allow for these power, voltage and current values. Whereas knowing the instantaneous 
energy being generated and fed into the grid allows monitoring of the rebate that will be received 
for the energy generated.   
 
Figure 48 - Raw AC Power Output for 2014 
 
Table 20 displays the 2014 monthly averaged power output values for the array. This data has been 
used to provide a snapshot of how the array performs on average in any month. Then this can be 
used to compare with the same month in a previous year. This data has been plotted in a histogram 
in Figure 49. From this a clearer image of the array output can be seen and then compared with 
other graphs such as that of Figure 50 containing the performance ratio. 
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Date AC Power (W) 
Jan 23866.03 
Feb 24770.03 
Mar 22019.60 
Apr 21011.47 
May 14107.93 
Jun 15087.57 
Jul 15051.74 
Aug 18143.31 
Sep 20324.85 
Oct 22418.64 
Nov 22044.84 
Dec 23692.99 
Table 20 - Monthly Averaged Power Output for 2014 
 
 
Figure 49 - Monthly Averaged AC Power Output for 2014 
 
Figure 49 is the monthly averaged AC power output for 2014. This data has a very predictable trend 
with power decreasing in the colder months. However as seen in Figure 50 the performance of the 
array increases in the colder months. This can be attributed to a reduction in thermal losses 
compared to the hotter months. Another cause could also be due to degradation effects during 
prolonged dry periods, where the modules may become soiled and experience a loss in 
performance. 
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Figure 50 - Monthly Averaged Performance Ratio for 2014 
 
7.7. Financial 
 
The Murdoch Sunny Portal details the reimbursements that the system has been calculated to have 
returned as of the 18/06/2015. It shows that the system has generated up to $241,480 worth of 
reimbursements, this is detailed on the Sunny Portal website. From the data compiled with the 
installation documents that are kept on the University’s website quotes were found relating to the 
installation costs of the system, these figures are not confirmed as being the final cost of the 
installed system but can be used as a good baseline for comparative works. 
The first system was installed by Solar Unlimited at an approximate cost of $163,138, whereas the 
second system was installed by Solar PV at an approximate cost of $178,828. This equates to a total 
approximate system cost of $341,966. With reimbursements of $241,480 the system still owes 
Murdoch University $100,486. This means that the system has paid for over two thirds of the 
installation cost in years it has been in full operation, within a predicted two years the system shall 
have paid for its installation cost, after this period of time the system will make profit. 
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Figure 51 - Array Financial and Environmental Statistics as of 18/06/2015 [31] 
 
 
8. Analysis of degradation effects during prolonged dry periods and 
overtime 
 
A study into the degradation effects during prolonged dry periods and over time was undertaken 
during this project. Figure 52 shows the monthly averaged AC power output against monthly 
averaged performance ratio for 2010 to 2014. In order to see the degradation effects it would be 
expected that a reduction in performance would be seen. From the data processed in this project, 
the trend indicates the opposite of what would be expected with an increase in performance from 
2010 to 2014.  
As can be seen previously in Figure 40, a performance degradation can be seen through prolonged 
periods of dry weather. This degradation is the rectified after periods of heavy rainfall when the 
soiling causing the degradation is removed and the modules are again clean to produce optimum 
capacity. 
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Figure 52 - Monthly Averaged AC Power Output and Monthly Averaged Performance Ratio for 2010 to 2014 
 
9. Conclusion 
 
In conclusion from this evaluation the Murdoch University’s 56kWp array performs well within 
expectation for an array in Perth demographic. According to an industry website the typical 
performance ratio of an array is 0.8 [35]. Murdoch array has an average output performance ratio of 
0.85 for the analysis period of 2014, which is a good indication that the location and configuration of 
this array is well suited. 
Through this study it has been concluded that the NOCT method of calculating module temperatures 
as proposed by Ross [29] is a reliable way to calculate theoretical module temperatures. Through the 
comparisons and data correlation study a strong correlation between the calculated module 
temperature data and available recorded module temperatures. This method can be relied upon for 
future studies where module temperatures are not available due to equipment malfunction or data 
loss. 
Through the performance monitoring it has been established that soiling does indeed have an effect 
on the overall performance output of the array. Rain has a cleaning effect on the modules reducing 
any power loss caused by soiling. It has also been concluded through this study that the array would 
indeed benefit from a cleaning regime. If this was to be implemented through the dry summer 
months the array would perform better. 
A Shading study has concluded that a notable effect on the array output is present. This is also a 
seasonal occurrence due to the angle of the sun and the amount of foliage on the trees. This shading 
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has the possibility of causing further problems other than power loss. Or other potential problems 
include hot spot heating and other panel damages. 
Degradation effects on the array are not yet present in the study data set. The array has now been in 
operation for approximately eight years, and the absence of any degradation may be due in part to 
the inconsistent nature of the data being recorded by the array. To further investigate effects of 
degradation on the array will require a more consistent data set with values recorded direct from 
the array and a longer analysis period. 
9.1. Future Work Recommendations 
 
The Sunny SensorBox malfunctioned in 2012 and has not been recording data for 3 years. This 
becomes an issue for this project and similar ones that may be undertaken in the future as data is 
hard to acquire and a lot of calculated theoretical data is required. The malfunctioning SensorBox 
will need to be looked into for replacement and the reason for it malfunctioning, it is important to 
know the reason why the unit has malfunctioned as to avoid future isses..  
Significant degradation effects on the array are not yet present in the data from this project. A long 
term degradation study should be implemented as degradation would expect to reach up to 10% 
after 12 years and 15% after 25 years according to the panel data sheet. In order to see this 
degradation with the most accuracy the SensorBox will need to be replaced. 
The cabling issues noticed should be rectified immediately to bring the array into line with Australian 
standards documented in AS5033:2005. It is recommended that a study to look into why this issue 
has occurred as the solar installer is responsible for adhering to standards whilst the array was being 
installed. It is also worth noting that the main person responsible for the signing off of the array 
installation be notified of the issue. 
Shading has been a big issue for this array. The foliage from the trees in bush court casts a large 
shadow over parts of the array through the day. Maintenance of the trees could reduce the amount 
of shading. A survey into which parts of the foliage to be pruned in order for the array to operate 
more effectively is recommended. 
A cleaning regime is also recommended for the array as soiling on the panels has been proven to 
affect the performance output of the array. The most soiling happen in long periods of dry weather 
as dust, dirt and grime accumulate on the modules and is not removed until the rainy season. 
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10. Appendix A 
Appendix A can be found on the accompanying appendix document as the digital Appendices. 
Headings have been kept as reference and for the table of contents. 
10.1. Data Extracting 
10.2. Matching MET data to Array Data 
10.3. STC Calculations 
 
11. Appendix B 
Appendix B can be found on the accompanying appendix document as the digital Appendices. 
Headings have been kept as reference and for the table of contents. 
11.1. Cabling Issues 
11.2. Sunny SensorBox 
11.3. Shading Study 
 
12. Appendix C 
Appendix C can be found on the accompanying appendix document as the digital Appendices. 
Headings have been kept as reference and for the table of contents. 
12.1. PVSyst Simulation 
 
13. Appendix D 
Appendix D can be found on the accompanying appendix document as the digital Appendices. 
Headings have been kept as reference and for the table of contents. 
13.1. Copyright Permission 
 
 
14.  
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